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2 (57) Abstract: The present invention provides a method of fabricating a semiconductor device, which could advance the commer- 
cialization of semiconductor devices with a copper interconnect. In a process of metal interconnect line fabrication, a TiN thin film 
Q combined with an Al intermediate layer is used as a diffusion barrier on trench or via walls. For the formation, Al is deposited on 
^ the TiN thin film followed by copper filling the trench. Al diffuses to TiN layer and reacts with oxygen or nitrogen, which will stuff 
^ grain boundaries efficiently, thereby blocking the diffusion of copper successfully. 
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However, the development of new processes for forming a reliable diffusion barrier for Cu requires a 
considerably long period of time and this may delay commercialization of a semiconductor device employing a 
Cu interconnect structure. 

The present invention solves the above problems. It is an object of the present invention to provide 
5 methods for fabricating a semiconductor device employing a diffusion barrier whose grain boundary is stuffed 
with metal oxide, not a metal element constructing the diffusion barrier. This may advance commercialization 
of a semiconductor device with a Cu interconnect structure. 

Summary of the Invention 

0 In accordance with one aspect of the invention, a process for copper metallization is provided. A 

diffusion barrier comprising grain boundaries is deposited over a semiconductor substrate and a layer of 
reactive metal is deposited over the diffusion barrier. A different metal compound, such as an oxide or nitride 
of the reactive metal, is formed in the grain boundaries of the diffusion barrier. Copper is then deposited over 
the diffusion barrier. 

5 In one embodiment the diffusion barrier is a metal nitride, preferably selected from the group 

consisting of titanium nitride, tungsten nitride and tantalum nitride. More preferably the diffusion barrier is 
titanium nitride. In a further embodiment the reactive metal is Al. In another embodiment the different metal 
compound is formed in the grain boundaries by annealing after deposition of the reactive metal layer. 

In another aspect, the present invention provides a process for copper metallization in which a metal 
0 nitride layer is deposited on a semiconductor substrate, a layer of reactive metal is deposited over the metal 
nitride layer, a second metal nitride layer is deposited over the reactive metal layer, and a metal compound is 
formed from the reactive metal in the grain boundaries of the metal nitride layers. In a preferred embodiment, 
the metal nitride layers are titanium nitride and the reactive metal is aluminum. 

In a further aspect, the present invention provides a diffusion barrier for a copper interconnect 
5 comprising a layer of metal nitride covered by a layer of reactive metal. The grain boundaries of the metal 
nitride layer are stuffed with a different metal compound. 

In one embodiment the metal nitride layer is titanium nitride, the reactive metal is aluminum, and the 
grain boundaries are stuffed with aluminum oxide. In another embodiment the reactive metal is silicon and 
the grain boundaries of the metal nitride are stuffed with silicon oxide. In yet another embodiment the diffusion 
10 barrier additionally comprises a second metal nitride layer over the layer of reactive metal. 

Brief Description of the Drawings 
Further objects and advantages of the invention can be more fully understood from the following 
detailed description taken in conjunction with the accompanying drawings, in which: 

FIGS. 1 to 6 are cross-sectional views showing a method of forming a Cu interconnect structure 
i5 according to an embodiment of the present invention. 
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barrier is consumed according to the reaction so that it loses its function as the diffusion barrier when it has 
been completely consumed. When a diffusion barrier cannot fulfill its function it is called "diffusion barrier 
failure 0 . Thus, sacrificial diffusion barrier failure will occur after a lapse of a predetermined time, however it 
performs its function until then. 
5 Diffusion barrier failure in Cu interconnects is often the result of one of the following three causes: 

1) Diffusion of Cu or substrate atoms through defects in the diffusion barrier, such as 
dislocations or vacancies; 

2) Diffusion of Cu or substrate atoms through the grain boundary of a polycrystalline 
diffusion barrier; and " 

1 0 3) Chemical reaction of the diffusion barrier with the Cu or substrate material. 

, .. Failure of a thermodynamicatly stable diffusion barrier mainly depends on number 2 above, namely/ ~ 
the diffusion of Cu or substrate atoms through the grain boundary of a polycrystalline diffusion barrier. This is 
because the diffusion of the Cu or substrate atoms through the grain boundary occurs much more readily than 
diffusion through the grain. Accordingly, it is very important to prevent the diffusion through the grain 

15 boundary. 

There are several approaches to preventing diffusion through the grain boundary. First, forming the 
diffusion barrier using a single crystal or amorphous crystal having no grain boundary may avoid grain 
boundary diffusion. The second approach is to block existing grain boundaries. Blocking the grain 
boundaries in a polycrystalline thin film is called 'stuffing' and results in a 'stuffed barrier. 1 

20 A method of "stuffing* the diffusion barrier that has been studied uses nitrogen stuffing and oxygen 

stuffing. Precipitates of nitrides or oxides have been formed at the grain boundaries of diffusion barriers by 
the reaction of nitrogen or oxygen with metal elements present in the diffusion barriers. These precipitates 
stuff the grain boundaries of the diffusion barriers. In the case of TiN diffusion barriers, commonly used in 
aluminum metallization, one method to improve the barrier properties is to stuff the grain boundaries with 

25 extra oxygen by annealing a TiN thin film deposited by PVD or CVD in a N2 or O2 ambient For example, 
diffused oxygen in the grain boundaries of the TiN reacts to form titanium oxide that is thought to stuff the 
grain boundaries. 

The stuffing effect with nitrogen or oxygen works efficiently with Al but is not effective with Cu. 
Specifically, most of the oxygen introduced into TiN films with the help of annealing diffuses through the grain 
30 boundaries of the TiN to oxidize the surface of the TiN grains. The oxygen in the titanium oxide reacts easily 
with Al that has diffused through the grain boundaries to form AI2O3. However, in the case of Cu, the enthalpy 
of formation of copper oxide is smaller than that of Ti oxide. Thus, Cu atoms that diffuse through the grain 
boundary do not take oxygen from the titanium oxide and do not form copper oxide. The following Table 1 
shows the enthalpy of formation of titanium oxide, aluminum oxide and copper oxide. 

35 
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Type 


rnase 


Enthalpy of formation at 298K (KJ/moi) 


Ti-0 


IIU 


-519.7 




T12O3 


-1521.6 




Ti 3 0 5 


-2457.2 




T1O2 1 


— "mb" 


AI-0 


Al 2 0 3 


-1675.7 


Cu-0 


CuO 


-168.6 




" • CU2O 


——. 



enthalpy for various metals. 



Table 2 



Enthalpy of oxide formation 
[W/moi] 



Enthalpy of oxide formation 
[kJ/mol] 



Ca 


V 


~Nb 


"Mo [ 


Hf 


Ta 


W 


CaO: - 
635 


v 2 o&- 

1550 


Nb 2 0 5 : - 

1550 

Ti 


M0O3: - 

745 

Zr 


Hf0 2 : - 

1144 

Cr 


Ta 2 0 5 : • 

2045 

Zn 


W0 3 : - 

842 

Be 


Al 

AI2O3:- 
1656 


Mg 

MgO: - 
601 


T1O2: - 
944 


Zr0 2 : - 
1097 


CrA> 
1139 


ZnO: - 
350 


BeO: - 
608 
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sufficient for stuffing the grain boundary. In one arrangement, the oxygen is preferably incorporated into the 
diffusion barrier before the stuffing step. Annealing is preferably carried out to move the material through the 
grain boundary and to thereby form an oxide at the grain boundary. 

In one aspect of the invention, a reactive metal element having a strong inclination to form an oxide 
5 is deposited or formed on the diffusion barrier in the form of a thin film, such as by using a gas containing the 
metal element or a solution including its ions. The diffusion barrier thus contains a small amount of the metal 
element therein. In the case of the deposition of the metal element the metal thin film is formed in minimum 
thickness such that the diffusion of the metal element into the Cu layer is restricted, while the resistance of the 
Cu layer is not affected. 

10 FIGS. 1 to 6 show an embodiment of a method of fabricating a semiconductor device according to 

. the present invention. FIG. 1 illustrates a partof thesemiconductor device, including a substrate 10*and a 
dielectric film 20 formed thereon. A plurality of elements may be formed on the semiconductor substrate/IO, 
such as MOS transistors, bipolar junction transistors and resistors, for example. These elements have been 
formed previously through fabrication processes executed before the illustrated step. The semiconductor 

15 device shown may employ a multilevel-interconnection structure. In this case, the substrate 10 can include 
the semiconductor elements and a metal layer that electrically connects the elements. A dielectric film 20 
may be, for example, Si02, Si 3 N4, or a doped glass film. It is preferably formed through CVD or PECVD 
processes, depending on its composition. In a preferred embodiment, the dielectric film 20 is preferably 
formed of SO2 deposited by CVD. 

20 Next, as shown in FIG. 2, a via or trench 22 is formed in the dielectric film. The via or trench 22 may 

be formed using reactive ion etching and a mask that defines the boundary of the via or trench 22. In case of 
a contact hole through which a metal line comes into contact with an element formed on the substrate or a 
lower metal line, the via penetrates the dielectric film 20 to reach the substrate 10. In a field region other than 
a contact hole, however, it does not reach the substrate 10 and instead forms a trench 22 in which a metal 

25 line is to be formed. FIGS. 1 to 6 show the trench 22 formed at the field region. The skilled artisan will 
recognize this as a stage in damascene metallization. 

Referring to FIG. 3, a TiN thin film 32 is deposited by CVD on the dielectric film 20 having the trench 
22 formed therein. The TiN thin film 32 is preferably formed to a thickness of approximately 100 A. 
Thereafter, a process for incorporating a compounding material, such as oxygen or nitrogen, into the grain 

30 boundaries of the TiN thin film 32 is executed. Preferably, oxygen is incorporated into the grain boundary. 
This may be accomplished by exposing the TiN thin film 32 to the air, by annealing the TiN film in a furnace or 
by treating the TiN thin film with activated oxygen from an 02-plasma. 

Referring to FIG. 4, an Al thin film 34 serving as an intermediate metal layer is deposited on the TiN 
film 32, such as by CVD. In a preferred embodiment, the Al thin film 34 is formed to a thickness of about 0.1- 
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structure is porous enough that Al in contact with the TiN film diffuses into the TiN grain boundaries during the 
annealing to form Al oxide at the grain boundaries, thereby blocking Cu diffusion. 

Although a specific embodiment has been illustrated and described above, it will be obvious to those 
skilled in the art that various modifications may be made. For example, although the Al thin film is formed as 

5 the intermediate metal layer on the single-level TiN diffusion barrier 32 in the above-described embodiment, 
the TiN diffusion barrier can be formed in a multilevel structure. In the case of a multilevel TiN diffusion 
barrier, the Al film is formed between the layers of the multilevel TiN diffusion barrier. FIG. 7 shows the case 
where the TiN diffusion barrier is formed of two layers. Referring to FIG. 7, a first TiN thin film 32-1 is 
deposited on the dielectric film 20, preferably using CVD, and then the process for stuffing the grain boundary 

10 thereof with oxygen is carried out. Thereafter, Al is deposited on the first TiN thin film 32-1. As.described 
above, the intermediate Al metal layer is preferably deposited in the form of thin film on the first TiN film 32-1; - 
or an adhesion layer is formed on the TiN film using a gas containing Al or a solution having Al ions. . 

Subsequently, a second TiN thin film 32-2 is deposited on the intermediate metal layer using CVD, 
thereby forming a multilevel TiN* diffusion barrier. The Cu layer 40 is deposited on the second TiN film 32-2 

15 through the aforementioned process. After the deposition of the second TiN thin film 32-2, annealing is 
preferably carried out for the deposited structure at least once. With the structure shown in FIG. 7, Al diffuses 
into the first and second TiN thin films 32-1, 32-2 during the annealing and combines with O2 existing in the 
films to form Al oxide at the grain boundaries of the first and second TiN thin films 32-1, 32-2, thereby 
effectively blocking the diffusion of Cu. In addition, a further intermediate metal layer can be formed on the 

20 second TiN thin film 32-2 to block the diffusion of Cu more effectively. 

Although Al is used for the intermediate metal layer in the above illustrated embodiment of the 
invention, Zr, Cr, V, Nb, Hf or Ta, which have a stronger inclination to formation oxide than Ti, can also be 
used as a material for forming the intermediate metal layer as shown in Table 2. In other words, the 
intermediate metal layer is formed of a metal element that forms an oxide thereof more easily than the.metal 

25 element of which the diffusion barrier is comprised. 

Furthermore, the intermediate metal layer can be formed through a method other than CVD, such as 
PVD, electroplating, electrodeless plating, wet chemical contamination and atomic layer deposition (ALD). 

Although the diffusion barrier is formed of TiN in the aforementioned embodiment, TaN or WN can be 
also used for the diffusion barrier and deposited using CVD. In addition, the above-described embodiment 

30 relates to the fabrication of a Cu interconnect structure located on the dielectric film. However, in the actual 
semiconductor device fabrication process, a contact hole for connecting the metal line for interconnection to 
an element formed on the substrate or a lower metal line can be formed. In the structure having this contact 
hole, the diffusion barrier is deposited on the substrate or lower metal line located under the contact hole, the 
intermediate metal layer is formed on the diffusion barrier and the Cu layer is deposited on the intermediate 

35 metal layer. In a further variation of this embodiment of the invention, the Cu layer is not deposited in the 
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e.g., ALD on the titanium surface. Because ALD often utilizes highly reactive source chemicals, in the 
beginning of the TiN layer growth 196, the nitrogen source chemical might react with the titanium metal 
(deposited at step 194) and convert the titanium metal into titanium nitride. In that case the resulting thin film 
structure would be TiN/AI/TiN, instead ofTiN/AI/Ti/TiN. 
5 In each of the embodiments described above, the diffusion barrier comprising grain boundaries may 

be treated with oxygen or nitrogen, for compounding with the reactive metal in the grain boundaries, prior to 
deposition of the reactive metal layer. Such treatment may comprise, for example, exposure to oxygen in the 
atmosphere, an oxygen anneal process or treatment with O2 plasma. As a result, oxygen or nitrogen is 
incorporated in the grain boundaries of the diffusion barrier. The compounding material may be present in an i 

10 unreacted form, such as free oxygen or nitrogen, and/or may have previously reacted with the metal : of the * l 

diffusion barrier at the grairr boundaries forming, e.g;,Ti02. At any point following deposition of the reactive * -r - - 

- metal layer, an anneal step is carried out such that the reactive metal reacts with the oxygen or nitrogen 
present in the grain boundaries of the metal nitride layer to form an oxide or nitride stuffing the grain 

. - boundaries; This metal oxide onnitei.de incorporates the reactive metal, which is different from the metal in the 1 :.- =>. v >i 

15 metal nitride. • 

Alternatively, an anneal process is carried out in the presence of oxygen after deposition of the 
reactive metal layer. In the case of the laminate embodiments, the oxygen anneal may be carried out 
immediately following deposition of the first reactive metal layer, or after the deposition of a subsequent 
reactive metal and/or further metal nitride layer. The reactive metal layer reacts with oxygen during the 

20 oxygen anneal to form a metal oxide that stuffs the grain boundaries of the diffusion barrier. 

The term "reactive metal 0 or "elemental metal" as used herein, broadly refers to any element that can 
react with oxygen to form an oxide or nitrogen to form a nitride and stuff the grain boundaries of a diffusion 
barrier layer, particularly a metal nitride layer. Reactive metals include, but are not limited to, aluminum, 
silicon, titanium, metals in groups IVB, VB and VIB of the periodic table, such as Zr, Hf, V, Nb, Ta, Cr, Mo and 

25 W, germanium, magnesium, yttrium, lanthanum, and metals in Group III of the periodic table, including the 
lanthanide series (e.g., Sc, Ce, pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu). 

Metal nitride layers, for example TiN layers, may be formed by any method known in the art, 
including PVD, CVD, ALD and PEALD. Preferably, damascene trenches and/or contact vias are lined with 
metal nitride by ALD for forming conformal layers. 

30 In one embodiment a TIN layer is preferably formed by atomic layer deposition (ALD), more 

preferably by plasma enhanced atomic layer deposition (PEALD). Figure 12 is a flowchart illustrating an 
exemplary PEALD process for depositing a TiN layer. A titanium source chemical is pulsed 100 to the 
reaction chamber. Titanium source chemical molecules adsorb on the substrate surface, self-limitingly, to 
form no more than a monolayer. Surplus titanium source chemical molecules and possible reaction 

35 byproducts are purged away 102. Hydrogen radicals are formed and contacted with the substrate surface for 
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In another embodiment a layer of elemental aluminum is deposited by CVD. Deposition of an 
aluminum layer by CVD is described, for example, in Kim et al. ("Microstructure and deposition rate of 
aluminum thin films from chemical vapor deposition with dimethylethylamine alane, 0 Appl. Phys. Lett. 68 (25): 
3567-3569 (1996)) and in Li et al. ("Structural characterization of aluminum films deposited on sputtered- 
5 titanium nitride/silicon substrate by metalorganic chemical vapor deposition from dimethyethylamine alane," 
Appl. Phys. Lett. 67(23): 3426-3428 (1995)), both of which are hereby incorporated by reference. In both 
processes, a preferred aluminum source chemical is DMEAA. 

A layer of elemental titanium can also be deposited by ALD, as illustrated in Figure 15. A titanium 
source chemical is pulsed 1 50 into the reaction chamber. Titanium source chemical molecules adsorb on the * 
10 substrate surface, self-limitingly, leaving no more than a monolayer. Excess titanium source-chemical 
' molecules and possible reaction byproducts are purged away 152. Hydrogen radicals are formed and* 5 
contacted with the substrate surface for a pulse time 154. The adsorbed titanium source chemical molecules 
react with hydrogen radicals and form elemental titanium atoms on the substrate surface. Excess hydrogen 
radicals and reaction byproducts are purged away 156. The cycle 158 is repeated until a layer of elemental 
15 titanium is grown. A typical thickness for the titanium metal layer is 0.5 - 2 nm. 

In yet another embodiment a stuffed diffusion barrier is formed by depositing a first TiN layer by ALD, 
depositing an aluminum layer by ALD or CVD on the first TiN layer and depositing a second TiN layer by ALD 
on the aluminum layer. The structure is annealed in the presence of oxygen, either after depositing the 
aluminum layer or after depositing the second TiN layer. The aluminum reacts with oxygen during the oxygen 
20 anneal to form AI2O3 that stuffs the nitride grain boundaries of one or both TiN layers. 

In a further embodiment a stuffed diffusion barrier is formed by depositing a layer of TiN, depositing a 
layer of silicon thereon, depositing an optional further TiN layer thereover, and annealing such that the silicon 
reacts with oxygen to form silicon oxide that stuffs the grain boundaries of the TiN layer. 

Although the foregoing invention has been described in terms of certain preferred embodiments, 
25 other embodiments will be apparent to those of ordinary skill in the art, in view of the disclosure herein. 
Accordingly, the present invention is not intended to be limited by the recitation of the preferred embodiments, 
but is instead to be defined by reference to the appended claims. 
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WE CLAIM: 

1 a process for copper metallization comprising: 

' deposningadiffusionbarriercomprisinggrainboundariesovera 

deposing a layer of a reactive metal over the diffusion barrier; 

depositingalayerofcopperoverthediffusionbarrier. 

2 Th e processofClaim1,whereinthedW U sionbarriercomprisesameteln.tnde. 

3 The process of Claim 2, wherein the diffusion barrier comprises a metal nitride selected 
from the group consisting of toium ; nitride, tungsten nitride and tantalum nitride. 

5. Th, process of C.aim.2, wherein me reactive me^^^ 
AI.Si.Ti.Zr.Hf.V.Nb.Ta.Cr.Mo.W.Mg.YandU. . 
6 * The process of Claim 5, wherein the reactive metal is Al. 

barrier prior to depositing the layer of reactive metal. 

T * ^ - i- -^«^*»^-^ *•"**" 

b^rpriortodeposlllriglhelayerolrea*emclal. 

10 . The p^ of CUm 9, *«. oxygen M> «tao heme, oorcpnses 

annpalina the substrate in the presence of oxygen. 

,r The prcoess of CW, 9, .herein k»P«* oxygen » I. *on heme, eompnses 
ttpatina the diffusion barrier with excited oxygen species. 

a Tne pnxess of CM. 9. M. MO • «-* — """"^ *"™' 

^oxidebyann^lnaaflerdeposllionoffhereactlvemelallayer. 

,4. The P-ocese .. 0* % «-* M« > *- — *"« 
m mAtainyidebv annealing in the presence of oxygen. 

before depositing the copper layer. -j-ki-^i of 

16 . The process of Claim 2, wherein the layer of reactive metal . deposed to a th,ckness of 



20 



25 



35 about 2 nm. 
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17. The process of Claim 2, wherein the metal nitride is deposited to a thickness of about 5 to 

10 nm. 

18. The process of Claim 2, wherein the metal nitride layer is deposited by atomic layer 
deposition (ALD). 

5 19. The process of Claim 2, wherein the reactive metal layer is deposited by a process selected 

from the group consisting of chemical vapor deposition (CVD) and atomic layer deposition (ALD). 

20. The process of Claim 2, wherein the reactive metal layer is deposited by plasma enhanced 
atomic layer deposition (PEALD). 

21. A process for copper metallization comprising: 

10 depositing a metal nitride layer on a semiconductor substrate; 

- depositing a layer of a reactive metahover the metal-nitride layer, the reactive metal being 
different from metal in the metal nitride layer; 

depositing a second metal nitride layer over the reactive metal layer, and 
forming a metal compound in the grain.boundaries of the metal nitride >layers, the metal 
15 compound formed from the reactive metal. 

22. The process of Claim 21 , additionally comprising depositing a layer of copper directly over 
the second metal nitride layer. 

23. The process of Claim 21 , wherein the first metal nitride layer is titanium nitride. 

24. The process of Claim 21 , wherein the second metal nitride layer is titanium nitride. 
20 25. The process of Claim 21 , wherein the reactive metal layer is aluminum. 

26. The process of Claim 21 , wherein the reactive metal layer is silicon. 

27. The process of Claim 21, wherein a layer of titanium is deposited over the reactive metal 
layer prior to depositing the second metal nitride layer. 

28. The process of Claim 21, additionally comprising depositing a second metal layer oyer the 
25 reactive metal prior to depositing the second metal nitride layer. 

29. A process of forming a barrier layer during semiconductor metallization comprising: 
depositing a layer of titanium nitride in a damascene trench by atomic layer deposition 

(ALD); 

depositing a layer of aluminum on the layer of titanium nitride; and 
30 depositing a second layer of titanium nitride on the layer of aluminum. 

30. The process of Claim 29, wherein the layer of aluminum is deposited by MOCVD. 

31. The process of Claim 30, wherein the layer of aluminum is deposited from 
dimethylethylamine alane (DMEAA). 

32. The process of Claim 29, wherein the layer of aluminum is deposited by plasma enhanced 
35 atomic layer deposition (PEALD). 
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lav * d T "Z— - °* * -»* ,n * *~* 01 

consistingoftitaniumnitride.tungstennitrideandtan» 

- : 

cons^ngofMSi.UZr.Hf.V.Nb.Ta.Cr.Mo.W.Mg.YandLa. 

39 The dttfusion barrier of Claim 38, wherein the reacts metal is Al. 

J * 1*. Mr - C» 35, — » M . — - - — 

30 over the layer ot reactive metal. 

50. Adfeionbarrierforacopperinterconnectcompnsmg: 

a first layer of metal nitride; 

alaverofreactivemetaloverthefirstlayerofmetalnitride;and 
• I d layer of metal nitride over ,e layer of reactive metal, where, the gran 



35 
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51 . The diffusion barrier of Claim 50, wherein the different metal compound is selected from the 
group consisting of an oxide of the reactive metal and a nitride of the reactive metal. 

52. A diffusion barrier for a copper interconnect comprising a layer of titanium nitride covered by 
a layer of aluminum, wherein the grain boundaries of the titanium nitride layer are stuffed with aluminum 

5 oxide. 

53. The diffusion barrier of Claim 52, wherein the layer of titanium nitride is deposited by atomic 
layer deposition (ALD). 

54. The diffusion barrier of Claim 52, additionally comprising a second layer of titanium nitride 
between the aluminum layer and a copper filler. 

1 0 55.. A diffusion barrier for a copper interconnect comprising a layer of metal nitride covered by a 

layer of silicon, wherein the grain boundaries of the metal nitride layer are stuffed with silicon oxide. 

56: The diffusion barrier of Claim 55, wherein the layer of metal nitride comprises titanium 

nitride. 

57. n The diffusion: barrierof Claim 55, additionally comprising a second layer of metal nitride 
1 5 over the layer of silicon. 

58. The diffusion barrier of Claim 57, wherein the second layer of metal nitride comprises 
titanium nitride. 
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FIG. 8 
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FIG. 9A 
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FIG. 9C 
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